We present the results of Very Long Baseline Interferometry (VLBI) observations using the phase reference technique to detect weak Active Galactic Nuclei (AGN) cores in the Virgo cluster. Our observations were carried out using the Korean VLBI Network (KVN). We have selected eight representative radio galaxies, seven Virgo cluster members and one galaxy (NGC 4261) that is likely to be in the background. The selected galaxies are located in a range of density regions showing various morphology in 1.4 GHz continuum. Since half of our targets are too weak to be detected at K-band we applied a phase referencing technique to extend the source integration time by calibrating atmospheric phase fluctuations. We discuss the results of the phase referencing method at high frequency observations and we compare them with self-calibration on the relatively bright AGNs, such as M87, M84 and NGC 4261. In this manuscript we present the radio intensity maps at 22 GHz of the Virgo cluster sample while we demonstrate for first time the capability of KVN phase referencing technique.
Introduction
Astronomical observations at short wavelength suffer from atmospheric disturbances. Especially, high frequency (in millimeter wavelength) observations using radio interferometers such as Atacama Large Millimeter/ submillimeter Array (ALMA) 1 and Very Long Baseline Array (VLBA) 2 are severely affected by atmospheric conditions. The electromagnetic waves pass through the troposphere where the water vapour is present before they reach the interferometer. The irregular distribution of the water vapour causes phase fluctuations and delays in the coherency between the signals received by each interferometric element. Therefore, in order to improve the accuracy of observations, the atmospheric phase fluctuations should be corrected.
In principle, those atmospheric effects can be reduced by two main approaches. One way would be the direct measurement of the integrated water vapour content by the water vapour radiometer (Moran & Rosen, 1981; Marvel & Woody, 1998; Roy et al., 2004) . These measurements require almost perfect weather conditions, which is hardly the case and the detection of the atmospheric phase fluctuations is limited above several tens of seconds. Instead, the phase referencing (PR) technique (Shapiro et al., 1979; Alef, 1988 ) turns out to be very useful to correct the phases of the target using the phases of a strong calibrator. With the PR method the image sensitivity and the dynamic range can be increased and low detection thresholds can potentially be achieved up to the sub-mJy level at low frequencies (<5 GHz; Beasley et al., 1995) . A strong calibrator needs to be observed frequently by rapidly switching the antenna between a calibrator and a target in order to calibrate the visibilities of the scientific target.
The PR can be applied through several different ways depending on the instrument. Some of the methods that have been used to perform phase referencing are: fast antenna switching (Shapiro et al., 1979; Beasley et al., 1995; Wright et al., 1996) , paired antenna methods (Asaki et al., 1996 (Asaki et al., , 1998 , dual beam antennas (e.g. in VERA; Honma et al., 2007) , fast frequency switching (e.g. in VLBA; Middelberg et al., 2005) , cluster-cluster mode (Rioja et al., 2002; Porcas et al., 2003) , and multi-frequency feed (Sasao et al., 2003; Jung et al., 2011) .
The quality as well as the success of various PR techniques listed above are limited by residual errors in the differential phases between a pair of sources (target and calibrator). The observations of two sources result in a differential excess path length that can seriously affect the scientific result (Beasley et al., 1995) . Therefore the phase reference requires a calibrator very close to a target, which is not always the case in practice. In order to get a better handle on this issue, bigradient phase referencing (BPR) has been suggested by Doi et al. (2006) , which utilizes nearby weak sources as calibrators of a target.
In this article, we present the results of Korean VLBI Network (KVN) 3 PR performance at K-band (22 GHz). The sample and its selection criteria are described in detail in Section 2. Our observation strategy and the data reduction are discussed in Section 3. In Section 4, we comment on the primary outcome of this work. Finally, we summarize and discuss our results in Section 5.
The sample
We have selected a representative sample of radio bright galaxies in the Virgo cluster. Virgo, as the nearest rich galaxy cluster (∼16.5 Mpc, Mei et al., 2007) , is an ideal place to study detailed properties of individual galaxies. Also it is dynamically young and hence contains a range of density environments, providing an ideal laboratory to study how galactic properties change with the surroundings. The two main goals for this study are a) to test KVN PR feasibility and b) to investigate the AGN activities in different density environments. While more scientific results will be presented in a follow-up paper, we focus on the KVN PR feasibility in this work.
To achieve our goals, we have selected 8 sources, 7 Virgo members and one galaxy (NGC 4261) that is likely to be background source but still close enough to be studied in high resolution. The galaxies in the sample are either radio bright (Capetti et al., 2009; Nagar et al., 2005) with extended radio features and/or optically identified LINER or Seyfert. The selected galaxies are located in a range of density regions showing various morphology in 1.4 GHz continuum (Figure 1 ) radio maps from the Very Large Array (VLA) Faint Images of the Radio Sky at TwentyCentimeters (FIRST) survey (Becker et al., 1994) .
NGC 4261 reveals quite symmetric kiloparsec-scale jets that are well aligned as shown in a VLBA imaging study by Jones & Wehrle (1997) . Its morphology and spectral index distribution indicate that free-free absorption is not significant within the central region but it affects the counter-jet. The radio emission decreases quickly in both directions with a large opening angle, indicating rapid expansion. This could occur when the internal pressure is lower than the surrounding medium. The comparison of high frequency radio observations at 22 GHz and 43 GHz with lower radio frequencies, shows a brightness asymmetry that can be caused by the presence of an edge on inner accretion disc (Jones et al., 1999) . Additionally, this galaxy reveals strong optical emission from the center, UV emission from jet and the nucleus shows short-term X-ray variability (Sambruna et al., 2003) . M 84 shows a slightly extended core to the north at high frequency (43 GHz) VLBI observations by Ly et al. (2004) . The spectral energy distribution of its nucleus is comparable to BL Lac-like objects. The ionized gas in the center of the source seems to be associated with non stellar process instead of hot stars (Bower et al., 2000) . Finoguenov et al. (2008) studied X-ray data in depth showing that the overpressure of the cavity (in respect to the medium) resulted in energetic waves, which have a substantial contribution to the total energy of AGN. Eracleous et al. (2010) classified M84 as low-luminosity AGN based on weak optical lines, which could be dust-obscured.
NGC 4435 shows a strong core with a short radio tail. It is close to NGC 4438 on the sky while it is questionable whether they are physically associated and hence this galaxy also has gone through some tidal interactions or not (e.g. Vollmer et al., 2005) .
M 49 is a luminous LINER galaxy and has a kinematically distinct core (Davies & Birkinshaw, 1988) . At 6 cm it shows a linearly polarized emission which may be associated with outflow and jet-like features. M 87 is the most famous and well studied galaxy among our sample and it has already been observed in a wide range of radio frequencies. The galaxy shows ionized gas filaments, but no [O iii] emission has been detected along the radio jet, which might be associated with shock excitation phenomena.
NGC 4526 is a core Sérsic galaxy (Capetti et al., 2009 ) implying the presence of a flat central core. This galaxy is also known for its relatively high FIR/radio ratio, for which ram pressure is likely to be responsible for (Murphy et al., 2009) .
NGC 4636 shows an asymmetric morphology and its bright jets flowing into fainter extended (∼ 2.5 kpc) radio lobes (Giacintucci et al., 2011) . This galaxy has not been observed so far in higher frequencies than 15 GHz. It has spiral arm-like structures which are coincident with the border of two X-ray cavities. The north-east cavity is dominated with low frequency radio-emitting plasma, but in south-west side there is no activity detected in radio regime.
M 60 is treated as a non-AGN source but it has different structure from other early type galaxies. Studies on the morphology of the central regions in galaxies (Xilouris & Papadakis, 2002) have shown that early-type, non-AGN galaxies have a smooth distribution of light in their central 100 pc region. The smooth structure with no particular light deviation features the lack of significant amount of material in the nucleus (parsec scale). However, M60 does show a central structure, indicating the presence of an active nucleus.
In Table 1 , the general properties and the AGN type of our sample are summarized.
Observations and data reduction

Observations
The observations were carried out on 7th and 8th of December 2012, using the KVN (Kim et al., 2004; Lee et al., 2011) . KVN is comprised of three identical telescopes (KU:Ulsan telescope, KY:Yonsei telescope and KT:Tamna telescope), 21m in diameter each. The maximum baseline length is about 480 km in the north-south direction (KY-KT baseline). KVN is capable of recording data in four frequencies simultaneously, 22, 43, 86 and 129 GHz with the highest angular resolution of ∼ 1 mas at 129 GHz.
We have selected an observing frequency of 22 GHz with the total bandwidth of 256 MHz (16 channels x 16 MHz per channel) for each consecutive observing epoch, resulting in ∼ 5 mas resolution. It is also interesting to note that the KVN resolution in K-band is intermediate between what can be reached by the the VLBA (∼ 0.35 mas) and one of the most powerful connected arrays such as VLA A-configuration can reach (∼ 89 mas) in K-band. We applied PR technique for compensating the atmospheric phase fluctuations. The PR requires fast antenna switching between target and calibrator sources. The rapid slewing speed of KVN antennas ( ∼ 3 degrees/sec) allowed us to minimize the source switching time between the target and the calibrator and thus good calibration results can be achieved.
As we described in Section 2, we observed eight galaxies (M49, M60, M84, M87, NGC 4435, NGC 4526, NGC 4636, NGC 4261) and two flux calibrators 3C286 and 3C273. For phase calibrators we used 3C273, M87 and M84 which are strong enough to be detected by themselves. We conducted PR observations by pairing up the sources as listed in Table 2 . The integration of each scan was set to be ∼ 30 seconds per source, having a switching cycle of one minute for phase referencing. The separation angles between calibrator and target varies per pair as listed in Table 2 . For each galaxy, the calibrator with the shortest possible separation angle was chosen to be used for phase referencing. Our samples having various separation angles (∼ 1 − 4.8 degrees) are good candidates for proving the PR capability of the KVN.
The data are correlated with DiFX software correlator (Deller et al., 2007) . The time resolution of the correlator output has been set to be ∼ 1 second.
Data Reduction
The data reduction process is carried out using the Astronomical Image Processing System (AIPS) (Fomalont, 1981) for the steps of phase and amplitude calibration while the Difmap software (Shepherd, 1997 ) is used to produce the radio images.
The correlated data are loaded in AIPS using FITLD. Then, they are sorted in the order of time-baseline using MSORT and an index table is created with INDXR before calibration. The amplitude in cross-correlation spectra is corrected with ACCOR for the errors in sampler thresholds. The tasks ANTAB and APCAL are used to calculate the amplitude gain solutions using the system temperature and the antenna gain curve information.
In VLBI observations, the path difference of interference fringes is not known until the differences among individual elements such as the clock of each station and the baseline geometry. The task FRING allows us to calibrate out these effect by calculating delay residuals and the consequent time derivatives. a Column 1 shows the target sample, column 2 shows the calibrator for each target and the column 3 shows the separation angle between a target and a calibrator. The on source time of the target is presented in the column 4 and the sensitivity at 10 σ in the column 5 according to the calculations from the European VLBI Network calculator (http://www.evlbi.org/cgi-bin/EVNcalc).The sensitivity is a function of the system equivalent flux density (SEFD∼1300Jy), bandwidth and integration time. The expected fluxes have been estimated by extrapolating the archival data at 4.8 and 8.4 GHz (Capetti et al., 2009; Nagar et al., 2005 , 2∼5 mas resolution, comparable to this work) are presented in column 6. In the column 7 we present the total flux density as a result of this work with KVN PR at 22 GHz.
b The image sensitivity of the non detected sources might be lower than the estimated at 10σ.
(a) (b) Figure 2 : The visibility phases after the phase calibration of M84 are presented for each baseline (KU stands for Ulsan telescope, KY, for Yonsei telescope and KT for Tamna telescope) after (a) applying a self-calibration and after (b) applying a PR from the phase calibrator M87.
The three phase calibrators (M87, 3C273 and M84) have been used for our observations. To create a calibration table, we have applied a linear vector interpolation by running CLCAL. Then we run FRING again by applying fringes of all calibrators to each source pair, and we apply the first degree of phase referencing. Using this outcome we have created the calibrated tables for each source group.
In addition, we have tried phase-self calibration for three sources that could be detected without PR (M87, M84 and NGC 4261) to compare with the results from PR (Figure 2 ).
Finally, all spectral channels in IF (Intermediate Frequency) were averaged by SPLIT. After flagging the bad data, the CLEAN algorithm and self-phase calibration were applied for obtaining the final radio maps in Difmap.
In this study we present the phase solutions of the first observation day since there is no significant difference in the data from the second day. The radio maps presented here have been produced from the combined data from both days. 
Results
Phase Referencing and Imaging
Fundamentally, PR uses the solutions of fringe phase of the calibrator to compensate the atmospheric fluctuations for the target. These solutions are time interpolated to the target observations resulting in calibrated target visibilities. Since the phases of calibrator are applied to the target, the shorter the separation angle is the more consistent the phase correction can be done.
Our sample provides excellent candidates to prove the phase referencing capability of KVN, because the source pairs of target and calibrator have various separation angles (∼ 1 − 4.8 degrees) and their expected fluxes range from a few tens mJy to several Jy at K-band. The expected flux at 22 GHz was extrapolated from measurements at lower frequencies (e.g. 4.8 and 8.4 GHz) assuming a power law for spectral distribution (Table 2, estimated flux). These flux estimates include some uncertainties due to the measurement errors from different observations and due to source flux variability.
The visibility phases from the fringe fitting, are shown for M84 (Figure 2b ) and NGC 4261 (Figure 3 ). In the case of M84 and NGC 4261, the phase correction with the calibrators of M87 and 3C273, respectively, have improved the solutions (converged visibility phases) and thus the targets are clearly detected.
NGC 4261 is a relatively bright source, however the slope of the phase solutions profile in Figure 3a shows the remarkable impact of the large separation angle. The separation angle affects, also, the non detected sources, although their low expected flux densities. These targets have the largest separation angles from their calibrators among our samples, which makes their detection challenging. In spite of a relatively large distance from the calibrator, NGC 4261 is clearly detected.
To better evaluate the PR outcome, we compare it with the self-calibration results. As it is shown in Figure 2 , the self-calibration of phase (Figure 2a) for the KT-KY and KU-KY baselines is reliable till ∼23 UT(hours) and till ∼2 UT(hours) for the KT-KU baseline, where the detectability becomes challenging due to the scatter in the visibility phases. The former case is a result of the weather conditions. The system temperature at Yonsei site changed dramatically after ∼23 UT. On the other hand, PR stays more stable throughout the entire observing run. In both cases the low elevation of the target can explain the dispersion of the visibilities at the beginning (∼19 UT) and at the end (2∼3 UT) of the observation.
In particular, the PR technique can be severely affected by the low elevation of both calibrator and target, which is illustrated in Figure 2b between 19 UT∼20 UT, where both M87 and M84 have low elevation. Furthermore, the peak flux and the intensity map structure of M84 have shown no notable difference between either cases (PR and self-calibration).
The images of M87, M84 and NGC 4261 at 22 GHz by KVN are presented in Figure 4 . The rms noise levels are 8, 0.9, 2 mJy/beam for M87, M84 and NGC 4261, respectively. The beam size varies from ∼ 5 to ∼ 6 mas. Considering a distance of ∼ 16.5 Mpc, M87 extends to ∼ 14 mas (∼ 1.1 pc), M84 to ∼ 9 mas (∼ 0.95 pc) and NGC 4261 to ∼ 12 mas (∼ 0.7 pc). M87 is the brightest galaxy with flux density of 1616 mJy among the detections. The emission of M87 (Figure 4a ) and NGC 4261 ( Figure  4c ) shows an elongated structure to the direction of their known extended jet at lower radio frequencies.
Coherence
In order to check the practical coherence time at 22 GHz with the KVN, we have tested the signal-to-noise (SNR) increment along the integration time. The SNR is proportional to the square root of the bandwidth and the integration time. The first scan of 3C273 with ∼ 10 minutes length was used for this analysis.
Coherence time is dependent on the observing frequency and has been empirically determined for atmospheric conditions where the telescopes are located (e.g. >∼ 1hr at 8.4 GHz for the VLBA with a switching angle of 1.9 deg between a source and a target; Beasley et al., 1995) . Figure 5 shows the SNR of 3C273 as a function of integration time and describes the point where the visibility phase starts to lose its coherence. The SNR has been calculated for all baselines (KU-KT, KU-KY) using the Ulsan telescope as reference antenna. The integration time is described in the horizontal axis corresponds to the different solution intervals. The shortest solution interval is 0.1 min, while the longest one was set to 10 min, the entire scan length. The theoretical expectant value of the SNR for each baseline is also over-plotted with black solid lines. For the KU-KT baseline the SNR increases within 300 sec and after that time it becomes flat. In this case longer integration time than 300 sec does not provide a better SNR. Note that the observed SNR starts to deviate from the theoretical expectation in ∼ 100 sec. For the case of KU-KY baseline, the SNR starts to deviate at ∼ 120 sec and begins to converge at ∼ 300 sec. The point where the prediction starts deviating from the actual measurement (vertical dashed lines) gives the idea where the radio signal begins to be affected by coherence loss.
Summary
In this work, we have presented the results of eight radio sources in the Virgo cluster area from 22 GHz KVN VLBI observations. Particularly, the applications of phase referencing and its detection capability with KVN have been discussed for the first time.
Our targets provide an excellent sample to test the phase referencing capability of the KVN, according to the wide range of separation angles between the target and the calibrator and their estimated fluxes range from tens mJy to a few Jy.
Although the integration time can be extended as much as possible by PR, the detection is clearly limited due to the thermal noise which differs with the atmospheric conditions. However, PR can be affected by several factors.
Beside the atmospheric conditions and the large separation angles the elevation of the sources affects the SNR, especially at low elevation where the propagation medium becomes longer and the correction with the atmospheric model is less accurate can harm the clear detection.
Despite the fact of the non-detections, we successfully detected phase visibilities and we obtained the 22 GHz fluxes of three targets. The flux measurements with PR do not show any difference in comparison to the self-calibrated results, corroborating the reliable outcome of the KVN's PR.
Additionally, we have found the coherence time scale where the measured SNR starts to deviate from the theoretical expectation. The SNR increases as a function of the integration time but due to the atmospheric fluctuations the signal suffers from coherence loss. When the observations are affected by coherence loss, the delay measurements can potentially be less accurate (large delay errors). Hence the calibration of the atmospheric effects becomes hard and the detection of weak sources is challenging.
The sources that do not show a clear evidence of detection need to be carefully examined. In order to acquire more accurate measurements of their emission we plan a future test for the phasing referencing with KVN and VLBI Exploration of Radio Astrometry (VERA) Array (KaVA). These future observations will evaluate not only phase referencing observations but it will also give technical information such as the practical slewing / settling time for various separation angles, practical scheduling / operational issues and detection sensitivity. The SNR level of 3C273 versus integration time for the KU-KT baseline (diamond sign) and the KU-KY (cross sign). The integration time corresponds to the different solution intervals. The shortest solution interval is at 0.1 min, while the longest one is set to be at ∼ 10 min, length of the entire scan. The KU telescope was used as a reference antenna. The theoretical expectation for each antenna is also over-plotted with solid black lines for each baseline in order to derive the relative coherence time. The SNR of KU-KT baseline is deviated from the theoretical expectant at ∼ 120 sec and it becomes flat at 180 sec. The SNR of KU-KY baseline shows a deviation at ∼ 120 sec and is converged at 300 sec.
